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In this work the volatile oil from khoa was extracted using pressurized CO2 with and without ethanol
as co-solvent. Kinetic experiments were performed at pressures of 6.5 and 7MPa and temperatures of
294.15K. The composition of the volatile oil was determined using gas chromatography. The volatile oil
was formed predominantly by cymene, 1–8 cineole, isomenthone, pulegone, thymol and caryophyllene.
Consequently, we present a mathematical modeling study of the extraction of essential oil from khoa.
The overall extraction curves (OECs) obtained for khoa oil were modeled considering the mass transfer
based on local equilibrium between solvent and a solid. The inﬂuence of pressure and co-solvent on theathematical modeling
hoa oil
o-solvent
extraction kinetics was evaluated using a mathematical modeling. The model was solved numerically
and validated with experimental data. A novel method for calculating the initial mass fraction of khoa-
extract is proposed; data of the proposed model are in excellent agreement with the experimental data.
Furthermore, the inﬂuenceofﬂuidﬂowrate andparticle sizehasbeen studiedon theextractionefﬁciency.
Finally, a methodology has been established to estimate extraction yield curves in large scale using the
ale exdata obtained in small-sc
. Introduction
Khoa is a medicinal plant that is native to the Andean coun-
ries of Peru, Bolivia and Argentina. The height of the tree can
ange from 0.30 to 1.50m [1]. In traditional (folk) medicine, khoa
s used as an aromatic plant in the preparation of regional foods,
o treat inﬂuenza, to help with meal digestion, and as an antisep-
ic, anthelmintic, and insecticide drug [2]. It has been reported that
nfusion of the leaves of khoa can be used to relieve rheumatism
ain, while the stems are employed as stomachics, sudoriﬁcs and
igraine-relieving drugs. An infusion of the aerial parts is used
s a digestive or antispasmodic remedy or in the treatment of
olds [3]. A qualitative phytochemical analysis has demonstrated
he presence of saponins, ﬂavonoids and tannins [4,5], with the
ost abundant constituents being caryophyllene, isomenthone,
–8 cineole, cymene, pulegone and thymol [1,3].
Several separation techniques have been developed for food,
harmaceutical and chemical industries due to the imposed envi-
onmental regulation, the necessity of minimizing energy, and
ublic health requirements [6]. The interest in supercritical ﬂuid
xtraction (SFE) process is primarily due to the ability to recover
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functional ingredients with high purity [7]. Even though super-
critical extraction has been demonstrated as a technically viable
process to obtain several natural products, there are still few indus-
trial applications of this technology. This may be attributed to
the elevated costs of the high-pressure equipment required in
the extraction process [8]. The advantage of the SFE processes is
due to the properties of the supercritical solvent: it presents high
mass-transfer capacity, the solvent power can be altered by pro-
cess conditions (i.e., temperature and pressure), and it can be easily
removed from the ﬁnal extract. These SFE characteristics eliminate
the steps of cleaning and puriﬁcation that are common in conven-
tional processes [9].
Carbon dioxide (CO2) has been the solvent of choice for most
SFE studies primarily because it has a relatively low critical tem-
perature and pressure, low toxicity, relatively high purity and low
cost [10]. However, pure CO2 frequently fails to efﬁciently extract
several organics from a samplematrix [11], andmodiﬁer ﬂuids (co-
solvents) must be used to increase extraction efﬁciency [10]. The
modiﬁers can either increase the solubility of the target analyte or
interact with active sites on the sample matrix, which helps CO2 to
Open access under the Elsevier OA license. efﬁciently extract the analyte [12].
Sánchez-Vicente et al. [13] studied the extractability of peach
seed oil using supercritical CO2 and ethanol as a modiﬁer. They
reported the maximum initial yield at 19.8MPa and 324K using
CO2 modiﬁed with 5.0mol% ethanol. Vincent et al. [14] developed
930 T. Hatami et al. / J. of Supercritica
Nomenclature
C (kgm−3) oil concentration in the supercritical phase
dp (m) particle diameter
Dl (m2 s−1) axial dispersion coefﬁcient
Dm (m2 s−1) molecular diffusion coefﬁcient
K extract equilibrium constant between solid and
ﬂuid phase
kf (m s−1) external mass transfer coefﬁcient
L (m) extractor length
m (kg) mass of extract
M (kg kmol−1) molecular weight
mfeed (kg) mass of feed
P (MPa) pressure
Peb Péclet number for the bed, LvDl−1
Q (kg s−1) supercritical ﬂuid ﬂow rate
q (kgm−3) oil concentration in the solid phase
Rp (m) particle radius
Re Reynolds number, vdp−1
S slope of the mass of extract vs. extraction time
Sc Schmidt number, −1D−1m
Sh Sherwood number, dpkfD
−1
m
T (K) temperature
t (s) time
v (ms−1) superﬁcial ﬂuid velocity
x molar fraction
x0 initial mass fraction of extract in solid phase
z compressibility factor, dimensionless axial coordi-
nate along the bed, xL−1
Greek letters
 (kg m−1 s−1) viscosity
 (kg m−3) density
ε extractor void fraction
 dimensionless time, tvL−1
ω acentric factor
Subscripts
a apparent
c critical
ext extractor
f ﬂuid
mix mixture
p particle
r real
a
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ts surface of particle, solid phase
0 at time zero
novel process for the direct extraction of heavy metal ions from
heir oxides using ligand-assisted supercritical CO2 with and with-
ut a co-solvent. They revealed that ionization is a pH-dependent
rocess and that the conversionofneodymiuminto ions is inversely
roportional to the temperature and directly proportional to the
pplied pressure.
The goal of mathematical modeling of SFE experimental data
s to determine process design parameters such as equipment
imensions, solvent ﬂow rate and particle size. Using models, it
s possible estimate the viability of SFE processes on an indus-
rial scale through the simulation of the OECs [15]. Meireles et al.
15] applied a mathematical modeling study for extraction of oil
rom the vetiver root using supercritical CO2. They investigated the
ffects of supercritical ﬂuid ﬂow rate, the ratio of extractor diame-
er to extractor length, particle diameter and bed void fraction on
he extraction yield.l Fluids 55 (2011) 929–936
Hatami et al. [16] applied a mathematical modeling study for
the extraction of oil from clove buds using supercritical CO2. They
identiﬁed the optimum temperature and pressure that maximized
the extraction yield and reported that the mass of extract increases
with an increase in the ﬂuid ﬂow rate and decreases with an
increase in particle diameter.
The purpose of this work is to study the inﬂuence of pressure
and co-solvent on the kinetics of SFE from khoa. The inﬂuence of
these parameters on the quality of the product has been evaluated
by determining its chemical composition. In addition, a theoretical
model has been developed to describe the extraction process based
on the experimental data. This theoretical model can predict the
inﬂuence of operational parameters on the extraction yield.
2. Material and methods
2.1. Raw material
Khoa used in this work was collected close to the city of La Paz
in Bolivia, in January 1995. The material was maintained under
refrigeration (265K) prior to its usage.
2.2. Characterization of the khoa ﬁxed bed
The ﬂowers of khoa were triturated using a knife mill (TECNAL,
model TE 340, Jundiaí, Brazil). The particle size distribution was
determined using sieves of the Tyler series and an agitator (BELTER,
Piracicaba, Brazil). The mean particle diameter was determined by
the following equation:
d = 1∑k
i=1(Xi/di)
(1)
where d is the mean particle diameter, i=1, 2, 3,. . ., k, di is the
diameter of the sieve i, and Xi is the mass of solid retained by the
sieve i. The ﬁxed bed was formed with 0.14kg of triturated khoa,
added to the extractor in small portions with the aid of a funnel.
Care was taken to obtain a uniform bed avoiding wall effects and
channeling. The real density of the khoa (r) particles was deter-
mined using helium picnometry by the Analytical Facilities of the
Institute of Chemistry IQ/Unicamp. The apparent density of the bed
(a) was calculated using the mass of feed and the volume of the
extractor. The porosity of the bed plus the particles was calculated
as follow:
ε = 1 − a
r
(2)
2.3. Experimental procedure
The extraction assays were carried out using the equipment
described by Zapata-Noren˜a and Meireles [17]. The unit has an
extractor cellwith insidediameterof0.0216mand lengthof0.65m.
0.14kg of dried khoa was used to form the ﬁxed bed. The solid was
packed inside the extraction cell in portions of 3–5g and accommo-
datedwith the help of a cylindrical rod to avoid bed channeling. The
extraction cell was adapted into the extractor and the thermostatic
bath was turned on. As soon as the surge tank pressure reached the
desired level, the up-stream extractor’s valves were opened. For
assays with static period the system was allowed to rest for 60min
to equilibrate the contents of the extractor cell. Afterwards, the
down-stream extractor’s valves were open. The micro-metering
valve was heated during the entire assays. Finally, the up-stream
extractor’s valves were closed and the depressurization of the sys-
tem began and took 45min. For extraction using co-solvent EtOH:
(Merck, 99%, Germany) the procedurewas identical to the one used
for pure CO2 except that ethanolwas added to the khoa leaves prior
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o extractin in quantities corresponding to 0.6, 1.0, and 1.5% with
espect to the mass of CO2 used. The co-solvent was eliminated
sing an oven with forced circulation at 303K.
.4. Chromatographic analysis
The chemical composition of the extracts was analyzed by
as chromatography (GC) (Shimadzu, GC 17A, Kyoto, Japan)
quipped with a capillary column of fused silica (DB-5; 30m×0.25
m×0.25m, J&WScientiﬁc,USA),ﬂame ionizationdetector (FID)
nd split injector. The carrier gas was helium (White Martins,
9.9%purity) (1.7ml/min). TheKhoa extracts (0.005g)werediluted
n ethyl acetate (1ml-solvent, P.A., EM Science, chromatographic
rade, lot 36079631); 1m of sample was injected and the split
atio was 1:15. The column temperature was heated at 223K for
min, programmed at 5K/min to 553K. The injector and detec-
or temperatures were 513 and 553K, respectively. Quantiﬁcation
f the components was performed based on their GC-FID peak
reas. The identiﬁcation of the substances was performed by GCMS
Shimadzu, model QP-5000, Kyoto, Japan) operated in the electron
onization (EI) mode at 70eV, using the GC conditions, except for
he temperatures of the injector (523K) anddetector (503K).More-
ver, this was based on (i) comparison of substance mass spectrum
ith GC–MS system data bank (Nist 62 Library); (ii) comparison
f mass spectrums with data in literature [18]; and (iii) retention
ndex [19].
.5. Mathematical modeling
Khoa essential oil is partly found near the surface in epidermal
airs (trichomes) and partly entrapped in the internal cell structure
vacuoles). The distribution of essential oil in these two locations
epends on various factors, including the botanical species and the
arvest season. The overall extraction rate from khoa seeds can be
athematically described by a set of partial differential equations
PDEs). The following major assumptions must be made to derive
he governing differential equations:
. Solid particles are spherical, mono-sized and lumped with
respect to concentration.
. Temperature and pressure is uniform across all regions of the
extractor.
. The radial concentration gradients in the extractor areneglected.
. Although several components are present in the extract, their
mass-transfer behavior is assumed to be similar and is described
as a single pseudo-component.
. Local equilibrium exists at the interface of the ﬂuid and solid
phases, and the equilibrium relationship is linear.
. The volume fraction of the extractor is not affected by the reduc-
tionof the solidmassduringextraction. Inotherwords, the solids
do not change their volume during the extraction process.
. The physical properties of the solvent do not change during
extraction.
. The solvent velocity pattern is that of plug ﬂow and assumed to
be constant across the extractor.
The extractor is a ﬁxed bed containing khoa as the station-
ry phase with ﬂowing supercritical ﬂuid as the mobile phase.
nsteady state mass conservation was applied from a packed bed
f stationary solid particle for extracting oil from khoa seeds.
ccording to the basic hypothesis of themodel, the followingmath-
matical equations can be used to describe the material balance of
he ﬂuid phase [20–22]:
∂Ci
∂
− 1
Peb
∂2Ci
∂z2
+ ∂Ci
∂z
+ 1 − ε
ε
3
kf
v
L
Rp
(Ci − Ci,s) = 0 (3)l Fluids 55 (2011) 929–936 931
The boundary and initial conditions for this PDE are as follows:
at z = 0− ⇒ Ci = 0 (4-a)
at z = 0+ ⇒ ∂Ci
∂z
= Peb(Ci − 0) (4-b)
at z = 1 ⇒ ∂Ci
∂z
= 0 (5)
at  = 0 ⇒ Ci = 0 (6)
Similarly, the following relationship canbeobtainedbyapplying
a mass balance for the particle:
dqi
d
= −3kf
v
L
Rp
(Ci,s − Ci) (7)
The initial condition of this differential equation is as follows:
at  = 0 ⇒ qi = qi,0 (8)
where q and Cs are related by assuming an equilibrium condition
as follows:
qi = KCi,s (9)
where K denotes the equilibrium constant.
The PDEs can then be converted to ordinary differential equa-
tion (ODEs) using the numerical method reported by Meireles et al.
[15] and solved using MATLAB software [23]. Using this model, the
change of solute concentration in the ﬂuid phase and solid phase
can be expressed as a function of time and axial coordinate along
the bed.
2.6. Model parameters
The density and viscosity of pure CO2 were obtained from the
NIST ChemistryWebBook [24]. The density of the CO2/ethanolmix-
ture was calculated using the following formula:
mix = mix, PRSV ×
CO2, NIST
CO2, PRSV
(10)
where mix, PRSV is the density of the mixture obtained using the
Peng–Robinson–Stryjek–Vera (PRSV) equations of state (EOS) [25],
and CO2, NIST/CO2, PRSV is the correction factor used to modify the
PRSV prediction. This equation in a very simple meaning indicates
that the ratio of pure ﬂuid density to the mixture ﬂuid density for
the experimental data is equal to this ratio for the PRSV EOS result.
The viscosity of the mixture was calculated using the
Kendall–Monroe equation [26] (with no adjustable parameter) and
can be expressed as follows:
mix = (xCO2
1/3
CO2
+ xCH3CH2OH
1/3
CH3CH2OH
)
3
(11)
The viscosity of pure ethanol was calculated by interpolation
of the data provided by Zéberg-Mikkelsen et al. [27]. The binary
diffusion coefﬁcient of solute in the supercritical solvent, with or
without ethanol, was obtained using the Catchpole and King corre-
lation [28]. The axial dispersion coefﬁcient was obtained using the
correlationdescribedby Funazukuri et al. [29] and canbe expressed
as follows:
εDl
Dm
= 1.317(εReSc)1.392 (12)The external mass transfer coefﬁcient was calculated using the
following equation [30]:
kf =
ShDm
dp
(13)
9 critical Fluids 55 (2011) 929–936
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Sherwood number (Sh) was calculated using the correlation
escribed by Tan et al., which is valid over a range of 2–40 for both
e and Sc [31]:
h = 0.38Re0.83 Sc0.33 (14)
Theequilibriumconstant (K)wasobtained inamanner thatmin-
mized the error between the modeled and experimental data. This
arameter is a functionof temperature, pressure and the co-solvent
olar fraction.
For calculating the initialmass fraction of the extract in the solid
hase (x0), it is customary to continue the extraction curve (mass
f extract versus time) until twice the ﬁnal extraction time. The
nal amount of mass of extract is lead to x0. Nonetheless, a novel
ethod has been proposed to calculate the initial mass fraction
f the extract in the solid phase. Although a lumped solid phase
ssumption has been made in the proposed model, the diffusion
nside the solid phase controls the unsteady mass transfer from the
olid to the ﬂuid phase at the ﬁnal time of extraction [32]. Hong
t al. [32] have used Fick’s second law of diffusion to model this
henomenon. Using an analytical solution for the model, they have
redicted the mass of the extract as a function of time. In addition,
heyhave simpliﬁed the solutionand recommendedanexponential
orrelation for the mass of the extract as follows:
m|t = m0(1 − exp(−At)) (15)
here, A is dependent on temperature, pressure and the quantity
f co-solvent present.
If one plots the mass of extract as a function of time, the ratio
f any two successive slopes in the exponential function can be
alculated as follows:
(m|t+t − m|t/t)/(m|t − m|t−t/t)
= exp(−At) − exp(−A(t + t))
exp(−A(t − t)) − exp(−At) =
1 − exp(−At)
exp(At) − 1 (16)
This canbe interpreted tomean that thequotient of any two suc-
essive sequences of slopes is just a function of time interval and
t is independent of time. This constant ratio called the common
atio of the sequence (r). In other words, the slopes follow a geo-
etric progression [33]. As a result, one can extrapolate the curve
nd predict the mass of the extract at each time. The total mass of
he extract at inﬁnite extraction time can be calculated using the
ollowing formula:
0 = m1 +
∞∑
n=1
Snt (17)
In which, m1 is the mass of the extract up to the diffusion-
ontrolled extraction time. The equation can be simpliﬁed using
he geometric progression as follows:
0 = m1 + S1t
∞∑
n=1
rn−1 (18)
In simpliﬁed form, the equation can be expressed as follows:
0 = m1 +
S1t
1 − r (19)
Eq. (19) is valid if the absolute value of r is lower than 1 [33].
inally, the extractable oil mass fraction in the khoa particle can be
alculated as follows:
0 =
m0
mfeed
(20)t(min)
Fig. 1. Mass of the extract as a function of extraction time for SFE from khoa for four
different experiments.
3. Results and discussion
3.1. Extraction kinetics
The particles and the extraction bed showed the follow-
ing characteristics: particle mean diameter of 4.92×10−4 m and
9.96×10−4 m, respectively; particle true density of 1227kgm−3;
and bed-plus-particle porosity of 0.52. Table 1 shows the
process parameters; it can be noted that the quantity of
extractable oil varies with the pressure and the co-solvent mass
fraction.
Experimental data of the SFE from khoa for different experi-
ments are presented in Fig. 1. It can be noted that the co-solvent
signiﬁcantly inﬂuenced the mass of the extract at both applied
pressures, i.e., 6.5MPa and 7MPa. Exp. 2 and Exp. 4, which used
co-solvent alongwith CO2, showedhigher extraction yields. A com-
parison between the results from Exp. 1 and Exp. 2, however,
conﬁrmed that particle diameter in Exp. 2 was higher than that
in Exp. 1, and the mass of the extract in Exp. 2 was higher than that
in Exp. 1. A similar comparison can be made for the data from Exp.
3 and Exp. 4, due to the inﬂuence of the co-solvent. However, the
inﬂuence of pressure is not clear in this ﬁgure and must be studied
using mathematical modeling.
3.2. Chemical composition of the extracts
Table 2 shows the chemical composition of the khoa-extract and
lists the fractions of compounds that were identiﬁed. The follow-
ing six compounds were identiﬁed in each sample: cymene, 1–8
cineole, isomenthone, pulegone, thymol and caryophyllene. Over
18wt% of the extract in each sample could not be identiﬁed. The
percentage of each compound in the extract, with the exception of
thymol, was found to decrease with time. Initially, pulegone and
caryophyllene showed the maximum and minimum concentration
in the extract, respectively. However, the composition signiﬁcantly
changed by the end of the experiment, and the compounds with
maximum and minimum concentrations in the extract were as fol-
lows: thymol and cymene for both Exp. 1 and Exp. 3, pulegone
and cymene for Exp. 2, and thymol and caryophyllene for Exp.
4.The physical properties of the essential compounds in the
extracted oil are listed in Table 3. The molecular weights were
obtainedusing theNISTChemistryWebBook [24]. The critical prop-
erties of the oil were estimated through the by Joback and Reid
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Table 1
Process parameters for SFE from khoa.
Conditions Exp. 1 Exp. 2 Exp. 3 Exp. 4
T (K) 294.15 294.15 294.15 294.15
P (MPa) 6.5 6.5 7 7
Static period (s) 3600 3600 3600 3600
Q (kg s−1)×105 7.5 7.5 12 12
Co-solvent (%) 0 1.0 0 0.96
dp (m)×104 4.92 9.96 4.92 9.96
s (kgm−3) 1227 1227 1227 1227
Dext (m)×102 2.16 2.16 2.16 2.16
L (m) 0.65 0.65 0.65 0.65
mfeed (kg) 0.14 0.14 0.14 0.14
x0 (g oil kg khoa−1) 30.3 35.4 28.5 39.9
ε 0.52 0.52 0.52 0.52
Table 2
The composition of extracted oil from khoa as a function of time for the four experimental conditioned described in Table 1.
t (min) Cymene (%) 1–8 Cineole (%) Isomenthone (%) Pulegone (%) Thymol (%) Caryophyllene (%) Not identiﬁed (%)
Exp. 1
9.60 1.9 5.07 19.3 39.0 8.00 1.16 25.6
18.20 1.2 3.80 16.8 39.5 11.2 1.24 26.3
38.80 0.60 2.63 12.8 35.8 20.6 1.15 26.5
68.00 0.04 0.76 3.81 17.2 50.5 0.43 27.3
96.40 0.03 0.58 2.43 10.7 66.9 0.36 19.0
126.40 0.035 0.40 2.06 8.09 66.6 0.29 22.6
Exp. 2
9.60 1.93 6.36 16.5 46.1 8.49 0.99 19.6
21.60 2.24 7.22 16.3 47.1 7.71 1.03 18.4
32.00 0.75 4.17 12.8 45.8 13.4 1.17 22.1
46.40 0.79 1.71 6.68 35.3 19.4 0.86 35.3
59.20 0.79 1.71 6.68 35.3 19.4 0.85 35.3
90.80 0.79 1.71 6.68 35.3 19.4 0.85 35.3
Exp. 3
8.90 1.80 4.94 18.2 41.9 7.57 1.21 24.4
11.90 2.00 2.27 10.9 31.8 19.1 1.17 32.8
29.90 0.33 1.78 9.33 30.8 30.2 0.89 26.6
69.90 0.32 0.70 2.51 6.53 44.4 0.21 45.4
77.80 0.00 0.77 2.49 7.74 60.5 0.18 28.3
142.50 0.065 1.44 1.35 6.85 44.6 0.18 45.5
Exp. 4
11.75 2.24 6.85 16.8 36.9 12.0 0.98 24.3
26.50 0.72 3.05 10.3 36.3 21.0 1.01 27.7
58.00 0.57 0.64 3.93 19.5 48.7 0.24 26.4
92.00 0.73 0.37 0.73 20.9 48.2 0.26 28.8
123.50 0.52 0.14 2.40 11.3 48.2 0.14 37.3
155.25 0.68 0.16 4.00 10.7 51.4 0.29 32.8
Table 3
Physical properties of the six compounds found in khoa extract.
Compound M (kg kmol−1) Tc (K) Pc (MPa) ω Zc
Cymene 134.22 670.52 2.909 0.482 0.255
1–8 Cineole 154.25 695.8 3.019 0.343 0.27
[
[
t
i
T
PIsomenthone 154.25 728.97
Pulegone 152.23 747.47
Thymol 150.22 764.8
Caryophyllene 204.35 802.3434]. The acentric factor was estimated through the Lee and Kesler
35]. Using these physical properties of the extracted essential oil,
he properties of the khoa extract were estimated using Kay’s mix-
ng rule [36] except at the critical pressure, which was estimated
able 4
hysical properties of khoa extract.
Properties Exp. 1 Exp. 2
M (kg kmol−1) 152.33 153.97
Tc (K) 743.76 748.07
Pc (MPa) 5.549 5.265
ω 0.463 0.449
Zc 0.458 0.4432.595 0.418 0.23
2.76 0.43 0.23
3.44 0.587 0.245
2.027 0.436 0.221using Prausnitz and Gunn’s rule [35]. The physical properties of the
extracted oil are listed in Table 4. As can be seen, the properties of
theextractdidnot change signiﬁcantlybetween the fourperformed
experiments.
Exp. 3 Exp. 4
150.91 152.35
737.46 742.56
5.533 5.454
0.46 0.458
0.456 0.452
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khoa extract with and without the co-solvent. The extracted massig. 2. SFE from khoa – comparison between the mass of the extract (g) obtained
hrough modeling using new proposed method (––) and the previous method (—)
or calculating x0 with the experimental data ( ) obtained in Exp. 1.
.3. Modeling results
Table 5 shows the modeling results obtained for the following
arameters in this study: molecular diffusion coefﬁcient, axial dis-
ersion coefﬁcient, ﬂuid viscosity, ﬂuid density, Reynolds number,
chmidt number, Sherwood number, Péclet number and exter-
al mass-transfer coefﬁcient. The table also lists the model ﬁtting
arameters and the extract equilibrium constant between the solid
nd ﬂuid phases. As shown in this table, the equilibrium constant
f the Exp. 1, Exp. 2, Exp. 3 and Exp. 4 are 0.32, 0.28, 0.31 and
.32, respectively. This means that the equilibrium constant is not
trongly inﬂuenced by the experimental conditions of the current
tudy.
The results ofmodel predictionwere comparedwith the experi-
ental data for eachof the four performedexperiments. The results
re presented in Figs. 2–5. In these ﬁgures, the solid and dashed
ines are themodel predictionwith the novel proposedmethod and
he previous method for calculating x0, respectively. These results
ig. 3. SFE from khoa – comparison between the mass of the extract (g) obtained
hrough modeling using new proposed method (––) and the previous method (—)
or calculating x0 with the experimental data ( ) obtained in Exp. 2.Fig. 4. SFE from khoa – comparison between the mass of the extract (g) obtained
through modeling using new proposed method (––) and the previous method (—)
for calculating x0 with the experimental data ( ) obtained in Exp. 3.
show that good agreement was observed between the modeling
and experimental data at the initial time but that the model pre-
diction deviated from the experimental data at a higher extraction
time. The reason for this discrepancy is that the concentration pro-
ﬁle of the extract is not ﬂat at higher extraction time, as it is at the
initial time.Asa result, theassumptionof the lumpedsystem,which
is employed for the particles here, is more reliable at the initial
time than at the higher time. Moreover, the new proposed model
for calculating x0 lead to more accurate results than the previous
method.
As mentioned in Section 3.1, the inﬂuence of pressure cannot
be studied using the experimental data alone. Using the pro-
posed model, Figs. 6 and 7 show the inﬂuence of pressure on thedecreases with an increase in pressure when pure CO2 is used as
a solvent. In contrast, the extracted mass increases with pressure
when ethanol is used as a co-solvent.
Fig. 5. SFE from khoa – comparison between the mass of the extract (g) obtained
through modeling using new proposed method (––) and the previous method (—)
for calculating x0 with the experimental data ( ) obtained in Exp. 4.
T. Hatami et al. / J. of Supercritical Fluids 55 (2011) 929–936 935
Table 5
Transport, thermodynamic and dimensionless parameters calculated during modeling.
Parameters Exp. 1 Exp. 2 Exp. 3 Exp. 4
Dm ×108 2.51 2.24 2.46 2.27
Dl ×106 0.62 1.65 1.17 3.12
×105 6.80 7.12 7.02 7.34
 784.36 817.55 797.61 824.55
Re 2.85 5.56 4.41 8.63
Sc 3.46 3.88 3.58 3.93
Sh 1.36 2.47 1.98 3.57
Peb 528.84 192.05 439.55 160.90
kf ×105 6.95 5.57 9.92 8.12
K 0.32 0.28 0.31 0.32
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pig. 6. Inﬂuence of pressure on the mass of the extract (g) as a function of time from
hoa without co-solvent obtained using model prediction (the remaining opera-
ional parameters are identical to those of Exp. 1).
Fig. 8 shows the inﬂuence of particle size and mass ﬂow rate
n the mass of extract. This ﬁgure shows that mass of extract is
n ascendant function of mass ﬂow rate and a descent function
f particle diameter. However, mass of extract is a weak function
f particle diameter at low value of mass ﬂow rate and also is a
eak function of mass ﬂow rate at large value of particle diame-
er. We also establish a methodology to predict SFE curves in large
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ig. 7. Inﬂuence of pressure on the mass of the extract (g) as a function of time from
hoa with co-solvent obtained using model prediction (the remaining operational
arameters are identical to those of Exp. 2).Fig. 8. SFE from khoa – mass of the extract (g) as a function of ﬂuid mass ﬂow rate
and particle diameter using the parameter of Exp. 4.
scale, departing from data obtained in small-scale experiments.
This methodology should specify which scale-up criteria must be
applied in order to reproduce small-scale curves in large-scale SFE
processes. So, two scaling up cases have been studied: constant
residence time and constant velocity. In Fig. 9, extraction yield has
been plotted as a function of extractor volume and extraction time.
It is clear from this ﬁgure that extraction yield, especially at mid-
dle extraction time, decrease when scale is up. However, scaling
up at low or high extraction time leads to lower deviation from
small scale extractor. Dependency of extraction yield at constant
residence time condition shows in Fig. 10. Using this ﬁgure, the
extraction yield is independent of extractor volume at each extrac-
tion time. As a result, constant residence time condition must be
Fig. 9. Scale up at constant velocity using the parameter of Exp. 4.
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[34] K.G. Joback, R.C. Reid, Estimation of pure-component properties from group-
contributions, Chemical Engineering and Communications 57 (1987) 233.
[35] R.C. Reid, J.M. Prausnitz, B.E. Poling, The Properties of Gases and Liquids, 4thFig. 10. Scale up at constant residence time using the parameter of Exp. 4.
pplied in order to reproduce small-scale curves in large-scale SFE
rocesses.
. Conclusion
Extracts of khoa were obtained using CO2 and CO2/ethanol at
ear condition. Extraction experiments were carried out at pres-
ures of 6.5 and 7.0MPa and temperature of 294.15K, with ﬂuid
ow rates of 7.5×10−5 (kg s−1) and 12×10−5 (kg s−1), particle
iameters of 4.92×10−4 m and 9.96×10−4 m and the co-solvent
ercentages of 0, 0.96 and 1. In chromatographic analyses, cymene,
–8 cineole, isomenthone, pulegone, thymol and caryophyllene
ere identiﬁed. The dynamic experimental results show that using
o-solvent increases the mass of extract. Consequently, we applied
theoretical model to predict the mass of oil that can be extracted
rom khoa. A novel method for calculating the initial mass fraction
f the khoa extract has beenproposed. The only adjustable parame-
er in the model is the equilibrium constant of the extract between
he ﬂuid and solid phases, which was obtained by adjusting the
odel using the experimental data. The values of this parameter
ere 0.32, 0.28, 0.31 and 0.32 for Exp. 1, Exp. 2, Exp. 3 and Exp.
, respectively. The model predicted that the mass of extraction
ecreases with an increase in pressure when pure CO2 is used as a
olvent and increases with an increase in pressure when ethanol is
sed as a co-solvent. In addition, the results showed that mass of
xtract is an ascendant function ofmass ﬂow rate and a descendant
unction of particle diameter. Finally, the mathematical modeling
esults of scale-up SFE using two different conditions (constant
esidence time and constant velocity) are predicted for khoa. The
cale-up was successful for constant residence time conditions.
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